Abstract. Increasing evidence suggests that anthocyanins, as natural antioxidants, exert anti-carcinogenic, anti-inflammatory, vaso-protective and anti-obesity effects when tested in vitro or in vivo. Blackcurrant (Ribes nigrum L.) berries are a rich source of anthocyanins with concentrations up to 4-fold greater than that of other common fruits. However, there is a paucity of information on how blackcurrant anthocyanins change during ripening on the bush or during postharvest storage, which could lead to better selection of fruits with enhanced health-promoting properties. Accordingly, the present study describes the temporal changes in anthocyanins in different blackcurrant genotypes during the late stages of development or as a result of postharvest storage at different temperatures. In all cases, four major anthocyanins (viz. cyanidin-3-glucoside, cyanidin-3-rutinoside, delphinidin-3-glucoside and delphinidin-3-rutinoside) were identified, accounting for over 80% of the total anthocyanin concentrations. Three different development stages (viz. early ripe (ER), fully ripe (FR) or over ripe (OR)) were chosen when fruit were at commercial maturity but presented different colorations. Anthocyanin concentration was nearly double in OR berries than ER, however the temporal changes during ripening were genotype-dependent, with some cultivars reaching maximum concentrations at the FR stage. During postharvest storage anthocyanin synthesis was observed in both ER and FR berries during storage, but ER berries never reached the concentrations of those harvested at FR stage. Storage temperature crucially affected anthocyanin concentrations in FR but not in ER berries. The results from this study may provide both growers and industry with additional information for maximising anthocyanin concentrations in blackcurrant berries.
Introduction
The blackcurrant (Ribes nigrum L.) is a species of currant with dark purple coloration and which is increasing in popularity in Europe. Even though the market for fresh blackcurrants seems to be growing, most of the blackcurrants produced are distributed as frozen and thermally processed products [3, 4, 21] . Among the compounds responsible for the characteristic colour of blackcurrant fruits are the polyphenolic compounds and more specifically the highly coloured flavonoid type anthocyanins (Fig. 1) . Research over the last decade have demonstrated berries, including blackcurrants, to be one of the richest sources of anthocyanins with concentrations up to 4 mg g −1 of fresh weight [2, 8] . Increasing interest in the anthocyanin concentration of several berries is, however, not only due to their potential as natural colorants but also to their associated health-promoting properties. Despite the enormous variability between individuals, consumption of anthocyanins was recently estimated as 12.5 mg day −1 per person in the USA [11, 20] , or even greater in Europe [1] . To date, and in spite of their poor bioavailability [13] , evidence suggests that anthocyanins, as natural antioxidants, exert anti-carcinogenic, anti-inflamatory, vaso-protective and anti-obesity effects when tested in vitro or in vivo [13] . Nevertheless, the bioavailability of these compounds seems to be structurally-dependent since plasma concentrations relative to the blackcurrant dose received was greater for rutinosides than glucosides in both rabbits and humans [13] .
Anthocyanin concentrations in berries and other fruits are known to be affected by several preharvest (viz. genotype, maturity at harvest, agroclimatic factors [8, 16, 17, 18, 21] ) and postharvest (viz. storage period, storage temperature [6, 17] , etc.) conditions. For instance, anthocyanin accumulation takes place mainly during the later stages of berry ripening [5, 16] . This said, only one study has quantified anthocyanin changes during blackcurrant development [16] . Similarly, anthocyanin changes during storage occur in a temperature and time dependent manner for many berry fruits. In raspberries, for instance, fruits stored at 0 • C for 24 days contained 70% more anthocyanins as compared to initial values after harvest [15] . Overall, there is a noticeable paucity of information on how blackcurrant anthocyanins change during ripening on the bush or during postharvest storage, which could lead to better selection of fruits with enhanced health-promoting properties. Accordingly, the present study describes the temporal changes in anthocyanins in three different blackcurrant genotypes during the late stages of development, yet when berries were at commercial maturity, or as a result of postharvest storage at different temperatures in cultivar Ben Hope.
Materials and methods

Plant materials
Blackcurrants (cvs. Ben Dorain, Ben Hope, Ben Gairn and Ben Tirran) were supplied by GlaxoSmithKline Plc. All berries were grown on the same farm in Norfolk, UK (52 • 39 N, 0 • 54 E) during 2007 using conventional methods (Rob A. Saunders, pers. comm.) and harvested by hand at two or three different maturities; early ripe (ER), fully ripe (FR) or over ripe (OR) based on standard commercial evaluation. Samples of the three cultivars were harvested on different dates reflecting the time course variability of each cultivar. After harvest, samples were transported over ice (but were not allowed to freeze) to Cranfield University, arriving within 4 h of harvest.
Experimental design
Experiment I -'anthocyanin changes during berry ripening': Berries from cvs. Ben Dorain, Ben Gairn and Ben Tirran were used to monitor the temporal changes in anthocyanin concentrations when fruits were at commercial maturity but presented different colorations (ER, FR and OR based on 90, 95 and 100% of black coloration, respectively) and total soluble solids (TSS; • Brix).
Experiment II -'anthocyanin changes during postharvest storage at different temperatures': In order to investigate the effect of temperature during postharvest storage of blackcurrant berries, a temperature gradient was set up, consisting of a bespoke solid aluminium block (86.0 cm × 20.2 cm × 10.0 cm) with 5 rows of 20 precision-drilled holes of 2.5 cm diameter and 7 cm depth, with sufficient metal between each hole (1 cm) to ensure adequate heat and/or cold transfer along the block [7] . The temperature gradient was measured using a digital thermometer (Jenway, Essex, UK) and was set at 20 • C at one end of the block and 1 • C at the other end, resulting in increments of 1 • C. Blackcurrant berries from cv. Ben Hope (ca. 12 g) were placed in glass vials within each hole. Where possible, fruit were left as racemes, with individual berries added to make up the total mass. The experiment was repeated on two separate occasions corresponding to ER and FR harvested berries.
Anthocyanins extraction and quantification
Based on earlier works [7, 8, 18] individual anthocyanins from blackcurrant berries were extracted by mixing freeze-dried sample (150 mg) with 3 ml of HPLC grade methanol: HCl: Water (70: 0.5: 29.5; v/v/v). Vials of the slurry were then held at 35 • C for 1.5 h in a shaking water bath, mixing the samples every 15 min. Finally, the sample was filtered though a 0.2 m Millex-GV syringe driven filter.
The anthocyanin profile of blackcurrant extracts was determined according to [8] with some modifications to achieve superior peak separation and resolution. The HPLC system comprised an Agilent 1200 series HPLC system (Agilent, Berks., UK), equipped with an Agilent 1200s DA G1315B/G1365B photodiode array with multiple wavelength detector. Blackcurrant extracts (20 l) were injected into a Zorbax Eclipse XDB-C18 column of 250 mm × 4.6 mm diameter, 5 m particle size with an XDB-C18 guard column of 12.5 mm × 4.6 mm diameter (Agilent). The mobile phase consisted of degassed 2.5% (v/v) acetonitrile and 5% (v/v) formic acid in HPLCgrade water (A) and acetonitrile (B) following a linear gradient program of increasing polarity in several steps (from 0 to 13% B in 10 min, 18.7 min-18% B, 22 min-65% B and 27 min-65% B). The flow rate was 1 ml min −1 and the column temperature was set at 40 • C (Agilent 1200s, G1316A, Berks., UK). Anthocyanins were detected at 520 nm and the presence and abundance of each anthocyanin was calculated by comparing the peak area with external standards (delphinidin-3-glucoside (delp-3-gluc), cyanidin-3-glucoside (cya-3-gluc) and cyanidin-3-rutinoside (cya-3-rut)) (Extrasynthèse, Genay, France) using Agilent ChemStation Rev. B.02.01. The concentration of delphinidin-3-rutinoside (delp-3-rut) was estimated from the calibration curve of delphinidin-3-glucoside [8] . Similarly, the concentrations of unidentified peaks were calculated from the calibration curve of cyanidin-3-glucoside.
Statistical analysis
All statistical analyses were carried out using Genstat for Windows Version 12.1.0.3338 (VSN International Ltd, Herts., UK). Data were subjected to analysis of variance tests. Least significant difference values (LSD; p = 0.05) were calculated for mean separation using critical values of t for two-tailed tests. Analysis was performed on the concentrations of the analytes on a fresh weight (FW) basis.
Results and discussion
Anthocyanin changes during berry ripening
The anthocyanins profile of blackcurrants is well known. The four major anthocyanins (viz. delp-3-gluc, delp-3-rut, cya-3-gluc and cya-3-rut) were first reported by Chandler and Harper in 1958 [6] . Since then, numerous studies have identified these compounds in different blackcurrant genotypes or blackcurrant-based products [2, 8] .
In agreement with previous work, the aforementioned major anthocyanins accounted for over 80% of the total anthocyanin concentration and were identified and quantified according to their retention time, UV-Vis spectra and comparison with standards. Other minor anthocyanins were also observed in all the genotypes analysed. For instance, the chromatographic profile of berries from cv. Ben. Tirran clearly revealed eight different peaks as compared to six peaks observed in the other cvs. investigated (Fig. 2) . Although variations may exist between genotypes, blackcurrant berries tend to ripen over a 2 week period. In the present study, berries were harvested based on commercial evaluation and therefore reflect the beginning (ER), middle (FR) and end of the period (OR), where most berries can be harvested for commercial purposes (based on colour and TSS ( • Brix) values). On a FW basis (Fig. 3) , individual anthocyanin concentrations significantly differed between genotypes and degrees of maturity. Individual anthocyanin concentration increased gradually as fruit ripened for all the cultivars investigated which was in agreement with earlier works on blackcurrants [16] and other berry fruits [5] . This said, similar amounts were recorded for FR or OR berries from cv. Ben Dorain. The relative concentration of each individual anthocyanin remained fairly constant regardless of fruit development stage, except for cv. Ben Gairn where OR fruits had three times as much anthocyanin glucosides 
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Delphinidin-3-glucoside Cyanidin-3-glucoside than the other cultivars investigated (Fig. 3) . These results suggest that the optimum time to harvest in terms of the anthocyanin content is at the OR stage, and that within the relatively short window of commercial maturity there are large variations in the concentrations of health-promoting properties of the berries.
Anthocyanin changes during postharvest storage at different temperatures
Only berries from cv. Ben Hope, harvested at two different maturities, were used to monitor anthocyanin changes during postharvest storage (Experiment II). As observed for other cultivars, the total anthocyanin concentration from cv. Ben Hope was greater in FR (3538 g g −1 FW) compared to ER (1412 g g −1 FW) blackcurrants. The observed differences in the individual anthocyanin content between berries harvested at different maturity stages persisted throughout the 7-day duration of the storage trial (Table 1) . The concentration of cya-3-gluc was greater at temperatures above 12 • C in both ER and FR berries. There was no effect of temperature on the concentration of cya-3-rut or delp-3-gluc in ER berries, but in FR berries, cya-3-rut and delp-3-gluc concentration was greatest when berries were stored between 5-12 • C ( Table 1 ). The concentration of delp-3-rut was not affected by temperature, which may reflect the higher stability of this anthocyanin as compared to the other anthocyanins present in blackcurrant fruits. Similar findings were observed by Brennan et al. (1997) [4] , who reported the greater stability of delphinidins in blackcurrant juice. It is commonly accepted that darkening of the berries usually occurs during storage or during the latest stages of berry development. During postharvest storage, such change in coloration occurs in a temperature-and time-dependent manner, and has been mainly associated with an increase in anthocyanin concentrations [9, 15] . Anthocyanin synthesis was observed in both ER and FR berries during storage; this said, the anthocyanin concentrations in ER berries never reached levels equal to those in berries harvested at FR stage. Similarly, it has been reported that highbush blueberries harvested at earlier stages of development never attained the same anthocyanin concentration and colour as that of fully ripe fruit [10] . The observed higher total anthocyanin concentrations observed in berries stored at higher temperatures may be the result of increased metabolic activity which occurs at higher temperatures leading to greater oxidative stress (i.e. generation of radical species), and hence perhaps a greater requirement for antioxidants within the fruit.
Increasing evidence suggests that anthocyanins, as natural antioxidants, exert a wide range of health-promoting properties (viz. anti-carcinogenic, anti-inflamatory, vaso-protective and anti-obesity) when tested in vitro or in vivo [14] . Anthocyanins detected in human urine following ingestion of blackcurrant juice accounted for only 0.026-0.050% of the total amount ingested [12] . The plasma concentration relative to the dose received was greater for rutinosides than glucosides in both rabbits and humans [13] , indicating that they were more bioavailable. These findings suggest that although total anthocyanins were present in lower concentrations in ER blackcurrants (Table 1 Fig . 3 ), as was also observed by Wang et al. [19] in raspberries and Shin et al. [18] in strawberries, proportionally they contained greater amounts of the more bioavailable rutinosides, which could compensate for the lower overall amount.
Conclusions
The temporal variations in blackcurrant anthocyanins during storage at different temperatures are strongly influenced by the maturity of the berries at harvest. When berries were harvested at the ER stage, they did not attain the anthocyanin concentrations of those harvested at the FR stage regardless of cultivar or storage temperature and time. No other studies thus far have studied in detail the temporal changes in anthocyanin concentrations during berry development or as a result of postharvest storage. Hence, results from this study may assist growers and industry on selecting optimum maturity at harvest (FR or OR berries) and best storage conditions required to maximize the quality of blackcurrant berries, specially addressing individual requirements for each of the different blackcurrant-based products available in the market.
